Oxidized low-density lipoproteins (oxLDL) are proved to exert their role in the multi-steps atherogenetic process much more pronouncedly than native LDL (nLDL) [1, 2] [4, 5] .
Introduction
Oxidized low-density lipoproteins (oxLDL) are proved to exert their role in the multi-steps atherogenetic process much more pronouncedly than native LDL (nLDL) [1, 2] [4, 5] .
. Although the chemical nature of the LDL oxidized products and their specific effects have not yet been identified, nevertheless the occurrence of different receptors for nLDL and oxLDL suggests a distinct mechanism of action [3]. Vascular endothelium is not the unique target of LDL pathogenetic properties. Indeed oxLDL have been recently shown to elicit inflammatory and fibrotic processes also in extra-vascular tissues such as renal mesangial and tubular epithelial cells
Under normal physiological conditions, the glomerular filtrate contains almost undetectable amount of lipoproteins. However, in chronic kidney disease (CKD), which is hallmarked by a progressive impairement of the glomerular barrier permselectivity, the renal tubule can be exposed to high molecular-weight molecules [6] . Hyperlipidemia has been proved to accelerate the progression of the CKD inducing a tubulo-interstitial injury [7, 8] [3, 4, 9, 10] . (Fig. 1B) . The LDL-induced ROS production was dose-dependent ( Fig. 1C) 
. Evidence of oxLDL-induced oxidative stress has been provided supporting the idea that alteration of the reactive oxygen species (ROS) homeostasis is an early event in the oxLDL-related diseases priming the subsequent tissue/organ disfunction

Native LDL-induced oxidative stress in human proximal tubular cells: multiple players involved
nLDL-Induced ROS production in HK-2 cells was prevented by inhibition of NAD(P)H oxidase
Besides mitochondria, the membrane-bound NADPH oxidase (NOX) constitutes an additional cellular source of ROS [13] and its activation has been extensively reported for endothelial cells upon exposure to oxLDL [14] . To ascertain the possible involvement of NOX to the observed nLDL-induced ROS production we tested the effect of pharmacological inhibitors. Figure 3A shows that coincubation of nLDL with diphenyleneiodinium (DPI), a widely used pan-inhibitor of flavo-enzymes [15] or with apocynin, a more 
S4). Twenty-four hours treatment of HK-2 with nLDLs resulted neither in changes of the NOXs expression level nor in NOX-linked b-type cytochrome amount (data not shown).
LDL-linked mitochondrial ROS production in HK-2 cells is induced by NOX-related ROS signaling
Because NOXs release O2
• [18] and tested on it the effect of extracellular anti-oxidant scavengers. Figure 4B shows that under this condition SOD and CAT were unable to prevent the endogenous mitochondrial ROS production.
Moreover, we tested the effect of externally added sub-cytotoxic concentration of H2O2 to untreated HK-2 on peroxide and mitochondrial superoxide production. As shown in Figure 4C, 6 hrs of incubation with 20 M of the membrane permeant H2O2 resulted in enhanced generation of both peroxide and mitochondrial superoxide which was fully prevented by inhibition of the respiratory chain complexes. This shows that the DCF fluorescent signal was not trivially due to diffusion into the cell of the externally added H2O2 and that the mitochondrial respiratory chain was the main target and source of the observed H2O2-induced ROS release. To further provide evidence that mitochondrial ROS production was triggered by NOX activation, HK-2 cells were incubated for 6 hrs with nLDL and the ensuing enhanced DCF staining was image processed. The intracellular fluorescence was thresholded in order to eliminate the low-intensity cellular signal. Following this procedure a networked high-intensity fluorescence signal emerged that could be clearly attributable to the mitochondrial subcellular compartment (Fig. 5A). The co-incubation of nLDL-treated HK-2 cells with either apocynin or SOD or the membrane-permeant anti-oxidant Tempol resulted in a practically complete prevention of the mitochondria-linked DCF fluorescence signal when the images were processed under identical conditions. Interestingly, coincubation of HK-2 with nLDL and catalase alone resulted in residual mitochondrial DCF signal over the basal level. This suggests that the extracellular superoxide was somehow more efficient than peroxide in mediating the ROS-induced ROS production.
A recent report showed that O2
•Ϫ can be transported by members of the chloride channel (ClC) [19] . [17] . Figure 5B shows that DIDS largely prevented the LDL-linked ROS production thus suggesting a role of ClCs in mediating the ROS-induced ROS release. specific probe Rhod-1 [23] . Figure 7A shows 
As the renal proximal tubular cells express several members of the ClC family [20], we tested the effect of 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS), a commonly used inhibitor of the ClCs
Inhibition of cPLA2 prevents nLDL-linked mtCa
2؉
and mt⌬⌿ deregulation (Fig. 6) [25] .
Discussion
Our primary finding in this study shows nLDL causing unbalance of the oxidation state in human proximal tubular cells. Oxidative modification of LDL components has long been considered a main factor promoting in the vasculature development of atherosclerotic lesions [3]. This led investigators to focus on oxLDL effects exerted on extra vascular tissue neglecting those of nLDL so much as to consider the lack of significant effects of nLDL as a negative control to emphasize the alterations caused by oxLDL. However in most of these reports the timing of nLDL in vitro treatment is too short to let the effects being detectable. Our results show, indeed, that enhanced ROS formation became reliable after 6 hrs of exposition of HK-2 to nLDL. Interestingly, in a comparative study evaluating the influence of native and hypochlorite-modified LDL on gene expression in HK-2 cells © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd DIDS on the intracellular ROS production. HK-2 cells were treated for 24 hrs with 100 g/ml of nLDL either alone and in the presence of 200 M DIDS after that the intracellular H2O2 production was assesses by LSCM by DCF. Representative images are shown along with the statistical evaluation of the fluorescence intensity averaged Ϯ S.E.M. from n ϭ 3 for each condition. Bars inside all the micrographs: 30 m.
Fig. 5 ROS generated by NOX(s) are the primary triggers of the ROS
In the attempt to characterize the mechanism underlying the nLDL-induced changes in the HK-2 cell redox homeostasis, a number of interconnected signalling pathways were found to be involved. The scheme drawn in Figure 10 (Fig. 10, step 1) is the activation of an inward current of Ca 2ϩ (Fig. 10, step [26] as well as Ca 2ϩ channel subtypes [27] . In addition to drive endocytotic LDL transportation the LDL-R is known to trigger activation of a number of adaptive signalling pathways [28] . -sensitive isoform of the phospholypase cPLA2 (Fig. 10, step 3 [30] . AA is a powerful activator of the plasmamembrane NOX(s) [31] and in this study we clearly show the involvement of NOX in the nLDL-linked oxidative imbalance (Fig. 10, step 4) (Figs. 3, 4A) . Isoforms of the macrophagic NOX, unrelated to the host defence, exert regulatory functions by production of ROS acting as signalling molecules [13, 17] . A number of cell functions turns out to be regulated by redox sensitive signalling pathways and their molecular determinants are being now partly disclosing [32, 33] . Besides NOXs, the mitochondrial respiratory chain constitutes the main source of ROS in the cell [18, 34] . An ever-growing mass of evidence highlights the involvement of dysfunctioning mitochondria in the onset/development of many human pathologies [35] including atherosclerosis [36] . Of interest, specific blockade of mitochondrial ATP production was reported to promote proximal tubular cholesterol loading [37] .
convenes the evidence presented in this study with others reported in literature and provides a verifiable mechanicistic model of nLDL-induced cellular damage. The first step following the interaction of the nLDL with the HK-2 cells
2). This interaction is most likely mediated by binding of nLDL to its specific receptor (LDL-R). HK-2 express several members of the LDL receptor family
). The central role of cPLA2 in mediating the nLDL-linked cellular alterations is directly demonstrated by the preventing effect of its specific inhibitor AACOCF3 (Figs. 6 and 9). cPLA2 hydrolizes the C-2 ester bond of phospholipids with high affinity to phosphatidylcholine (PC) containing arachidonic acid (AA) bound to C-2 thereby releasing lisophosphatidylcholine (LPC) and the free fatty acid, both with a documented signal transducing activity
nLDL-dependent cell redox alterations
In this study we provide hints suggesting that NOX-generated ROS may stimulate further ROS production by mitochondria (Fig. 10, step 5 ). This is proved by the complete ablation of the intracellular mitochondrial ROS production following NOX-inhibition or scavenging extracellular ROS (Fig. 5A) . It has been suggested that a cross-talk between NOX activation and the mitochondrial respiratory chain occurs whereby extracellular ROS can function as signalling molecules by a paracrine/autocrine mechanism (Fig. 4C) . The effect of DIDS, an inhibitor of the plasma membrane chloride channel, would suggest that ROS-induced ROS production is partly mediated by transmembrane transport of the superoxide anion (Fig. 5B) (Figs. 6, 9 ). The effect of CsA in preventing the nLDL-induced mt⌬⌿-collapse as well as ROS production (Fig. 8) would indicate the causative involvement of the MPTP (Fig. 10, step 7) . In this study we observed that collapse of the mt⌬⌿ although fully prevented by RR-treatment precedes mt-Ca 2ϩ accumulation (cf. Fig. 2C versus Fig. 7C [4] [5] [6] [7] [8] [9] [10] , tubular cells are activated to produce a large number of chemoattractants, proinflammatory and profibrotic cytokines and matrix proteins, which cause, at least in part, interstitial inflammation and fibrosis [8] [9] [10] . The clinical relevance of our observations results evident in keeping with the potential role of redox signalling in activating pro-inflamatory and fibrogenic pathways (Fig. 10, step 8 ) [8] [9] [10] . Dyslipidemia is a wellestablished factor contributing to exacerbate chronic renal disease independently of the priming noxious glomerular events [4] [5] [6] [7] . This notion has led to the successful utilization of statin-based therapy to slow down or even halt the progression of CKD [56] (Fig. S2A) . However, when the cells were tested for apoptosis (by the Annexin V assay) the occurrence of significant marks of early apoptosis was found in the 24 hrs-treated HK-2 cells as compared with untreated cells (Fig. S2B) 
